Objective: We performed a longitudinal cohort study of infants with tuberous sclerosis complex (TSC), with the overarching goal of defining early clinical, behavioral, and biological markers of autism spectrum disorder (ASD) in this high-risk population.
Tuberous sclerosis complex (TSC) confers a high risk of autism spectrum disorders (ASDs) and intellectual disability, [1] [2] [3] with rates of ASD ranging from 25% to 60%, much higher than the 1% to 2% reported in the general population. [4] [5] [6] [7] Despite hypotheses about the role of epilepsy, cortical pathology, and co-occurring genetic mutations in the development of ASD in TSC, [8] [9] [10] no single clinical factor has been identified as a consistent predictor of atypical neurodevelopment in this disorder.
The fact that TSC is diagnosed early in development, often prenatally, 11 facilitates the prospective investigation of developmental trajectories and early markers of ASD in this population. Early detection research in ASD has mostly focused on infant siblings of children with ASD, in whom the recurrence risk is approximately 18%. 12 Emerging evidence from these studies supports behavioral and neurobiological differences based on risk status in the first year of life. 13, 14 However, because of the genetic heterogeneity within these infant sibling cohorts, the measures used to identify early markers must cover a range of possible mechanisms and pathways to ASD. In contrast, infants with TSC can be studied with targeted measures that quantify clinical, behavioral, and biological variables likely to contribute to the development of ASD in TSC, such as epilepsy severity, and early cognitive development.
Drawing on the model of prospective studies of infant siblings, we performed a longitudinal investigation of infants with TSC, with the overarching goal of defining early clinical, behavioral, and biological markers of ASD in this high-risk population.
METHODS Procedures. These data represent one portion of a multisite, longitudinal study that includes behavioral and electrophysiologic assessments in children with and without TSC, aged 3 to 36 months. Recruitment and testing were performed at the University of California, Los Angeles (UCLA) Center for Autism Research and Treatment and the Boston Children's Hospital Laboratories of Cognitive Neuroscience from June 2011 to June 2013. Families were compensated for transportation and lodging. Any significant concerns about the infant's development were relayed to the primary neurologist or pediatrician by the principal investigators of the study.
Standard protocol approvals, registrations, and patient consents. Institutional review board (IRB) approval was obtained at each of the 2 sites (UCLA IRB no. 11-002349; Boston Children's Hospital IRB no. P00001144). All families gave informed consent before participation.
Participants. Infants with TSC were recruited through TSC specialty clinics, newborn nurseries, pediatrician offices, and the Tuberous Sclerosis Alliance. Control infants were recruited through IRB-approved infant databases in the greater Los Angeles and Boston areas. Control exclusion criteria included prematurity (,37 weeks' gestational age), birth trauma, developmental concerns, or immediate family history of ASD or intellectual disability. Children were followed longitudinally at 3, 6, 9, 12, 18, 24, and 36 months. Because of the rarity of TSC, all children with TSC younger than 24 months could be enrolled in the study. Children enrolled at an age not represented by a study time point were assessed at the next appropriate time point. For instance, a 15-month-old child was first studied at age 18 months. While control recruitment targeted the 3-month time point, controls also were recruited on an individual basis to match the age of each TSC case. There was no matching on demographics or IQ. The research team maintained close phone and e-mail contact with the families to minimize attrition.
Clinical information. At each time point, the research team gathered clinical data regarding seizures, medications, operations, and other medical issues through a standardized medical questionnaire. Variables of interest included presence of infantile spasms, presence of seizures, age of seizure onset, seizure duration, proportion of life with active seizures (defined as seizure duration in months/age of assessment), and number of antiepileptics.
Behavioral testing. Although participant information was deidentified, the clinical presentation of infants with TSC (developmental delay, epilepsy, cutaneous lesions) precluded blinding of examiners to participant diagnosis. At each age, the Mullen Scales of Early Learning (MSEL) was performed. The MSEL is a standardized cognitive measure for children 0 to 69 months of age, testing 5 developmental domains: gross motor (GM), fine motor (FM), visual reception (VR), receptive language (RL), and expressive language (EL). 15 Raw scores are converted to agestandardized t scores, which facilitates the distinction between normative and nonnormative development.
At ages 6, 9, 12, and 18 months, the Autism Observation Scale for Infants (AOSI) was performed. The AOSI is a 20-minute play-based instrument that operationalizes and detects behavioral risk markers for ASD. Developed to study infants at high risk (infant siblings of children with ASD), the AOSI has high interrater and test-retest reliability. 16 Several items of the AOSI have high predictive value of ASD, including transitions, motor control, and reactivity. 17 We chose the AOSI because it quantifies infant behaviors relevant to social communication function not specifically targeted in the MSEL, such as temperament, attention, and overall social engagement.
At ages 18, 24, and 36 months, the Autism Diagnostic Observation Schedule (ADOS) was performed for ASD diagnosis. The ADOS is a semistructured, play-based interview with standardized probes and scoring for social interaction, communication, repetitive behaviors, and play. 18 Trained research assistants administered and scored the assessments, with interrater reliability established to that of ADOS-trained staff members. The ADOS has been demonstrated to have excellent interrater reliability among formally trained examiners. 18 Severity scores were calculated according to the revised algorithm. 19, 20 Diagnoses were based on the convergence of ADOS scores and the clinical judgment of a board-certified pediatric neurologist (S.S.J.). For children tested with the ADOS at multiple time points (ages 18-36 months), the last ADOS score was used for diagnosis and severity calculation. In the 4 controls and 9 children with TSC who were administered the ADOS at multiple time points, clinical diagnosis remained consistent across time points.
Statistical methods. MSEL raw scores were converted to t scores for each developmental domain. Per MSEL protocol, all but the GM scores were used to generate a developmental quotient (DQ). FM and VR were used to calculate a nonverbal IQ (NVIQ), and RL and EL were used to calculate a verbal IQ (VIQ). AOSI raw scores were used to calculate a total score, with higher scores signifying a higher risk of ASD. ADOS scoring was based on the new algorithm, with subscores for social affect, repetitive behaviors, and restricted interests. 19 TSC vs controls. At each age, independent samples t tests were performed to compare MSEL and AOSI scores between groups. Because no infants with TSC were recruited at 3 months of age, analyses at 6, 9, 12, and 18 months were performed.
ASD vs no ASD. Cross-sectional analysis. Based on ADOS scores at 18, 24, and/or 36 months, children with TSC fell into 2 diagnostic groups: ASD or no ASD. Independent samples t tests were performed at each age to compare clinical variables, MSEL subscores, and AOSI raw scores between groups. Focus was placed on the 12-month MSEL in order to identify developmental delays in the infants who went on to have an ASD diagnosis.
Developmental trajectories. To control for the effects of seizures on development, repeated measures on DQ, VIQ, and NVIQ scores were modeled with linear mixed-effects models using group (TSC/no-ASD, TSC/ASD), time (from 12 to 36 months), group by time interaction, seizure percentage, and group by seizure percentage interaction as predictors (in SAS PROC MIXED) with an autoregressive correlation structure of order one. Linear mixedeffects models are flexible modeling tools for longitudinal data where subjects are independent variables, but the time points within each subject are highly correlated, with measurements farther apart in time being less correlated. Unlike a repeatedmeasures analysis of variance, a linear mixed model does not require that the data are balanced (i.e., same number of subjects observed at each time).
RESULTS Sample size. Sample size at each age varied because of the flexible enrollment of infants with TSC. Only infants with at least 2 study time points before a diagnostic assessment at 18, 24, or 36 months were included in the ASD analysis (n 5 40). For the characterization of developmental trajectories by ASD diagnosis, only children with a history of epilepsy and seizure duration data were included (n 5 34).
TSC vs controls. At the whole group level, we were most interested in the timing of developmental delay in infants with TSC and whether there were particular domains more significantly affected. Based on the MSEL, infants with TSC did demonstrate developmental delays in all age groups. However, there was evidence of domain specificity at the first analyzed time point of age 6 months, with the TSC group showing delays in NVIQ (both FM and VR domains). By age 9 months, infants with TSC exhibited delays in all developmental domains of the MSEL (table 1) .
On the AOSI, the TSC group also demonstrated more atypical social behaviors by 6 months of age in visual tracking, disengagement of attention, and anticipatory responses. At age 9 and 12 months, atypicalities were also observed in eye contact, orienting to name, and motor control and behavior (table 2) .
ASD vs non-ASD. Clinical variables. Twenty-two of 40 children with TSC met criteria for ASD. Average autism severity for the ASD group was 5.4 (SD 2.0) and for the non-ASD group was 2.2 (SD 1.4). Therefore, as expected from the AOSI differences in early infancy, there were social communication deficits noted even in the non-ASD group.
All but 4 children with TSC had epilepsy, and none of the 4 without epilepsy had an ASD diagnosis. There was a trend toward greater seizure severity in the ASD group, as indicated by younger age of seizure onset and greater proportion of life with active seizures, but these differences did not reach statistical significance. Children with ASD were treated with a significantly greater number of antiepileptics at their final assessment compared with the non-ASD group, a variable that also may serve as a proxy for seizure frequency or disease course (table 3) .
Cognitive ability at 12 months. Given the paucity of data on cognitive precursors of ASD in infants with TSC, we performed a cross-sectional analysis of MSEL scores by ASD diagnosis at 12 months of age. Twelve-month-old infants later diagnosed with ASD demonstrated significantly lower MSEL scores in the domains of VR, FM, EL, and RL, with resulting significant differences in their DQ, NVIQ, and VIQ (figure 1). Only the GM score did not significantly differ between diagnostic groups.
Developmental trajectories 12 to 36 months. Appreciating the dynamic nature of development, particularly in the context of epilepsy, we investigated the developmental trajectories of infants based on ASD diagnosis. Controlling for seizure duration, we found significant differences in trajectories of DQ, NVIQ, and VIQ in years 2 and 3 of life (figure 2 19) . Furthermore, in the ASD group, there was a significant negative interaction between seizure duration and NVIQ (estimate 20.25, p 5 0.03), such that having greater proportion of life with seizures was associated with a lower NVIQ across ages. DISCUSSION In this prospective, longitudinal study, we sought to define early cognitive and behavioral markers of ASD in TSC. Infants with TSC demonstrated early developmental delays, with relative specificity to the visual domain at age 6 months that generalized to all developmental domains by age 9 months. We also identified early signs of atypical social communication function by age 6 months, particularly in visual behaviors. Infants later diagnosed with ASD demonstrated significantly more delays in all cognitive domains by age 12 months. Developmental trajectories also differed based on ASD diagnosis, with the ASD group demonstrating a significant decline in NVIQ between 12 and 36 months while the non-ASD group showed gains in both full DQ and VIQ between 12 and 36 months.
At age 6 months, the delay in the visual domain translated to deficits in visually mediated social behaviors, such as visual tracking and disengagement of attention, as opposed to more language-based behaviors such as social babbling or orienting to name. Such domain specificity might be explained by the TSC mouse model, where there is evidence of aberrant structural connectivity in visual projections, which appear more diffuse and less organized. 21 Furthermore, a recent electrophysiologic study also demonstrated atypical face processing in children with TSC compared with typically developing children. 22 It is possible that, in TSC, disorganization of visual pathways leads to impairment in early visual perception, which, in turn, places these infants at higher risk of deficits in social function. Because of our small sample size at 6 months of age, we could not analyze VR based on ASD grouping, but continuing studies will characterize visual perception both behaviorally and electrophysiologically in infants with TSC.
While high, the rate of ASD diagnosis in 55% of our infants does lie within the range reported in the literature. Our sample represents a more clinically affected population, because most infants had the clinical sequelae of TSC that prompted an early diagnosis. Ninetyfive percent of our sample had epilepsy, with 65% reporting infantile spasms. While there were trends toward greater epilepsy severity in our ASD sample, only the number of antiepileptics significantly differentiated the groups, with the ASD group taking more antiepileptics than the non-ASD group. These data suggest that clinical variables alone cannot predict the development of ASD, despite the strong association between ASD and epilepsy reported in children with TSC.
5,23-28
Trajectories of cognitive function may serve as a promising predictor of ASD in TSC. A prospective study of infants at high risk of ASD (infant siblings of children with ASD) found that development in the first 2 years of life, as measured by the MSEL, improved in all 3 outcome groups-ASD, language delayed, and non-ASD-but that the rate of developmental gain was slowest in the ASD group. 29 The same group also quantified MSEL trajectories to investigate clusters within the high-risk group using latent class analysis. 30 Although none of the clusters defined in their data exhibited declines in NVIQ, one cluster was identified as the "developmental slowing" group, where children increasingly diverged from agebased norms over time in all domains. Our sample similarly shows a slowing of development in the VR and FM domains, because infants with TSC/ASD fail to acquire age-appropriate skills in the second and third years of life. This phenomenon is distinct from a regression, because we did not identify a loss of skills in infants at any age. A future analysis of individual raw scores and their relation to seizure severity could be clinically informative, because regressions in the setting of epilepsy have been reported in young children with TSC. 8, 31, 32 The fact that the decline is specific to NVIQ in the TSC/ASD group warrants further consideration, because one might expect the language domain to be most affected in infants at risk of ASD. However, in TSC, deficits in VR and FM function may undermine the development of nonverbal communication, which, in turn, compromises the development of typical social behavior. The decline in nonverbal ability may represent a TSC-specific pathway to ASD, rooted in early deficits in VR and FM skills seen at 6 months of age.
In the ASD group, children with greater seizure duration had lower NVIQ. In infants who are particularly vulnerable to aberrant development, epilepsy may further impair cognitive and social function. The fact that some children with ASD showed stable development or even developmental gains from years 1 to 3 supports the contention that there is likely a dynamic association among developmental delay, seizures, and ASD. However, whether epilepsy is causal or epiphenomenonal of aberrant development warrants further investigation. Large prospective studies of epileptogenesis and autism in infants with TSC are currently addressing such questions (clinicaltrials.gov: NCT01780441; NCT01767779). To our knowledge, despite the high rate of ASD, no early behavioral intervention studies have targeted infants with TSC. Case reports of early intervention have documented an improvement in cognition and behavior in toddlers and young children with other neurogenetic syndromes, such as Down syndrome and fragile X. 33, 34 Thus, the fact that infants with TSC have a clear genetic and neurobiological basis for their delayed development may not preclude the potential efficacy of early intervention, particularly as we identify specific developmental domains associated with ASD. By age 12 months, nonverbal ability can place children with TSC in risk categories for ASD and, at that time, one could argue that interventions targeting not only social communication function, but also nonverbal cognitive function, particularly in the area of VR, may improve developmental trajectories. These data support the need for intervention research focused on these high-risk infants.
One limitation of our study was the small sample size in the first year of life, thereby limiting our ability to investigate earlier behavioral predictors of ASD. In addition, we did not collect detailed early intervention data from our participants, partly because the quality and access to services varied greatly in our national sample. While unlikely given their young age, existing interventions could have an impact on developmental trajectories. Finally, because of the variable age of enrollment, our longitudinal data are cross-sectional at each time point. With a larger sample size, we can investigate individual differences in developmental trajectories that may shed more light on the dynamic interplay of clinical, biological, and behavioral factors that lead to an ASD diagnosis in infants with TSC.
In this prospective study, we have characterized developmental markers of ASD in infants with TSC. The early delay in VR and FM ability in the TSC group, coupled with the decline in nonverbal ability in infants diagnosed with ASD, suggests a domainspecific pathway to ASD that can inform more targeted interventions for these high-risk infants.
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